We previously showed that gonadotropin increases the K+ activity in Xenopus oocytes and that this is a signal for increased translation. However, K+ need not act to control synthesis directly but may act through an unidentifled downstream effector. Using microinjection to vary the salt content of oocytes and concomitantly measuring [3lH]leucine incorporation, we found that small changes in Mg2+ greatly affect translation rates. (Ca2+ had little influence.) By measuring intracellular ion activities, we found that oocyte cations existed in a buffer-like (ion-exchange) equilibrium in which K+ and Mg2+ are the preponderant monovalent and divalent cations. Hence, increasing cellular K+ activity might increase translation by causing Mg2' activity to rise. If so, the increased translation rates produced by hormone treatment or K+ injection would be prevented by EDTA, a Mg2+ chelating agent.
The interaction of a growth-inducing polypeptide hormone or growth factor with its receptor alters the cell membrane and changes, thereby, the chemical activity of a variety of intracellular solutes. Several of these solutes are the biochemical effectors whose changing activity controls the cell's transition from dormancy to active growth (1) . One welldocumented change is an increase in cellular K+ activity (1) (2) (3) (4) (5) ; this increase was recently shown to stimulate the rate at which mRNA is translated to protein (5, 6) . However, there is evidence (see below) that K+ is not the "immediate" effector whose chemical activity directly controls translation. If this is the case, there must exist another as yet unrecognized effector as well as a mechanism through which it is controlled by K+. We report here experiments, carried out in Xenopus oocytes, that suggest this effector is Mg2" and that the mechanism is an intracellular cation-exchange reaction through which changing K+ activity influences Mg2+ activity.
MATERIALS AND METHODS
Cells, Culture Methods, and Medium. Large female Xenopus laevis with growth-quiescent ovaries were kept as described (6) . Frogs were anesthetized with tricaine, and a portion of their ovaries was surgically removed and rinsed in OR2a, an amphibian oocyte Ringer's solution [82.5 mM NaCl/3.0 mM KCI/1.0 mM Na2HPO4/3.0 mM NaOH/1.0 mM CaCI2/1.0 mM MgCl2/1.0 mM sodium pyruvate/5.0 mM Hepes, pH 7.6 (cf. ref. 7) ]. Dumont (8) stage V oocytes (0.9-1.1 mg) were individually isolated in their follicles, trimmed, and preincubated in hormone-free OR2a for [16] [17] [18] [19] [20] hr to reduce the influence of anesthetic and endogenous hormone. Exogenous hormone was human chorionic gonadotropin (hCG; Sigma; 84.0 units/mg), which, at the levels used (10-50 units/ml), does not induce stage V cells to complete meiotic maturation. Procedures were carried out at room temperature ('=220C).
Microinjection. Glass pipettes were pulled, beveled, and calibrated as described elsewhere (6) . Microinjection and subsequent incubations were carried out under OR2a-washed paraffin oil (light grade; Fisher). This nontoxic medium prevents the loss of microinjected and endogeneous solutes that can occur when microinjection is carried out in aqueous medium (9) . Except as noted, all microinjections were in 20-nl volumes, about 4% of the cell's water volume.
Protein Synthesis. Oocytes were microinjected with ==1 pmol of [3H]leucine in 10 nl of solution [11.4 mCi/ml; 1 Ci = 37 GBq; 0.1 M KOAc/0.003 M NaOAc/0.0007 M Mg(OAc)2, pH 7.3]. After an -45-sec pulse, the cell was passed through two 1-hr washes of 0.5 M perchloric acid (10 ml) at 60'C. The rate of [3H]leucine incorporation (Rieu) into protein is the fraction of the total injected radioactivity (_105 cpm per cell) remaining in the washed oocyte, normalized for differences in pulse time and expressed as a percent per minute. Except as indicated, procedures and materials were as described previously (6 (6) .
RESULTS AND DISCUSSION In the absence ofgonadotropic hormone, protein synthesis in partially grown Xenopus oocytes is carried on at a low or maintenance level. Following exposure, synthesis increases dramatically (Fig. 1) . The increase resembles that induced in somatic cells by serum and polypeptide growth factors and is due largely to the mobilization of mRNA and monosomes into active polyribosomes (11) (12) (13) (14) (15) (5, 6) . Fig. 2 is an example of the response function that relates aK and synthesis, measured by [3H]leucine incorporation. In dormant oocytes, aK is typically 65-90 mM. When the oocyte is exposed to gonadotropin, aK increases, shifting to the sharply ascending portion of the function. In current parlance, K+ influx and the resultant aK increase is a second messenger or signal that causes cellular translation rates to increase.
Cell-free translation systems are significantly affected by K+ (16) (17) (18) (19) (20) . Hence, oocyte translation might be directly controlled by K+. However, evidence suggests otherwise. First, the response functions that relate K+ to protein synthesis in the oocyte and in cell-free systems differ. For example, an aK rise from 90 to 110 mM increases Rlu in the oocyte by >5-fold, whereas a similar rise in an in vitro system increases Rieu by <1.5-fold. In other words, the effect of K+ on translation in vivo is greater than is expected from its behavior in vitro (6) . Second, Na' does not significantly influence synthesis in cell-free translation systems (16, 17) . However, when an oocyte's aNa is varied by microinjecting a sodium salt, the translational response closely resembles that observed when aK is varied (Fig. 2 Inset).* Apparently a mechanism exists through which either K+ or Na+ can influence translation in the intact cell but is missing or degraded in cell-free systems.
Intracellular Cation Exchange. The oocytes used in our experiments contained -0.5 ,u of water, --80% of which is accessible to microinjected solutes. We injected salt solutions of known concentration and volume. Since the cells were immersed in paraffin oil, so that ions and water were not lost or gained (9), we could calculate the change in K' or Na+ concentration resulting from the injection. Furthermore, since the activity coefficients of most cellular salts are relatively insensitive to small changes in concentration (21), we could use coefficients taken from standard tables to calculate the expected change in cation activity. It follows that information can be obtained about a cation's physicochemical state (i.e., "free" or "dissociated" and "bound" or "associated") by comparing the expected activity following salt microinjection with the measured activity. Fig. 3A shows that when oocyte aK is relatively low, more K+ than expected must be microinjected to increase aK. For example, increasing aK from 77 mM, the dormant cell level in this experiment, to 125 mM, the aK at which Rleu has its peak value (Fig. 2) , required the injection of about 35 mmol more K+ per liter of cell water than would have been required to increase similarly a simple aqueous solution. Fig. 3B shows that microinjected Na+ behaves in a similar manner. Increasing aNa from its dormant cell level of aNa = 4.7 mM to aNa = 30 mM, the activity at which the Rleu vs. aNa response function peaks (Fig. 2 Inset), requires microinjecting about 29 mmol more Na' per liter of cell water than would be needed if the cell interior were a simple salt solution. Fig. 3 shows that intracellular K+ and Na+ are buffered, which means that they compete with other cations for highaffinity ("weak acid") anions. As a consequence, an increase in K+ or Na+ will cause other cations to become less associated and, therefore, to increase in their activities. If one cation among those newly displaced is more potent in its *In effect, R1,U is determined by the sum of the K+ and Na+ activities (i.e., aK+Na). Growth-quiescent oocytes typically have an UNa Of 3-6 mM and undergo an increase in Na+ influx immediately after exposure to hCG (unpublished data). Notwithstanding, it is unlikely that Na+ plays a significant direct role in translational control since aNa never exceeds 10% of aK, and the Na+ rise is transient; it is largely reversed by the time the activational increase in Rlcu begins. Note, however, that our data are consistent with the hypothesis that an activational Na+ influx stimulates the Na,K-ATPase-mediated increase in K+ (1). influence on translation than is K+, this exchange or buffering reaction could be a step in the mechanism linking gonadotropin to its metabolic effects.
Calcium. An increase in cellular Ca2+ activity (aCa) is an early event during growth activation (1, 24) . At least two mechanisms account for the increase: activation of membrane Ca2+ channels and release of Ca2+ from cellular stores by inositol 1,4,5-trisphosphate (24) (25) (26) . A K+-driven intracellular cation-exchange reaction might be a third mechanism. Furthermore, a reaction system through which free Ca>2 can influence translation efficiency is known (i.e., the calmodulin-dependent protein kinase-regulated phosphorylation of ribosomal protein) (27, 28) . Hence it is possible that Magnesium. Mg2+ is an essential cofactor in translation (17) (18) (19) (20) and has been suggested as an important regulator of cell growth (30) (31) (32) (33) (34) (35) . Mg2+ and K+ dose-response functions in cell-free systems have a similar biphasic form, differing chiefly in that Mg2+ is the far more potent effector (17) (18) (19) (20) . In addition, Mg2+, the most abundant divalent cation free in the cell interior, competes with K+ for the anionic sites of ATP, other nucleotides, and microsomal membranes (36) (37) (38) (39) , an assemblage that was designated the Mg2+ buffering system K1 by Flatman and Lew (40). Fig. 4 shows data from a typical experiment in which quiescent oocytes were microinjected with a graded series of Mg2+ solutions and R1eu was measured. As cellular Mg2+ increased, protein synthesis first was greatly stimulated and then was sharply inhibited. The function resembled those obtained by microinjecting K+ and Na2+ salts (Fig. 2) ; it differed chiefly in that a much narrower range of Mg2+ concentrations was required to obtain the full stimulatory and inhibitory response. Mg2+ is clearly a potent effector of oocyte translation. Is it also the effector through which gonadotropin and K+ act?
We addressed this question by attempting to determine whether these translational stimulants increase amg. However, we were unable to obtain an unambiguous answer because the amg increase needed to account for the increase in Rleu, is less than 0.4 mM (see the legend to Fig. 4 M ocnaIIn(M microelectrodes (42) . Fortunately, if increasing free K+ does cause amg to increase, mass action laws imply that the reverse will also be true, and the putative aK changes can be measured. Fig. SA was obtained by injecting Mg(OAc)2 into oocytes and measuring aK. It shows that increasing cellular Mg2+ increases aK. At low Mg2+ concentrations, the increase is approximately stoichiometric. Each millimole of Mg2+ per liter of cell water injected increased aK by ==2 mM. However, when excess free Mg2' reached about 6 mM, the line asymptoted, suggesting that bound K+ had all become dissociated from the buffering system and that the system was Mg2+_ saturated. Fig. 5B is the comparable isotherm showing the effect of increasing Mg2+ on aNa. One expects, from the relative abundance of free K+ and Na' (about 20:1) , that a smaller proportion of the cell's buffering sites will be occupied by Na' than by K+ and therefore that Mg2+ will increase aNa less than it does aK. We found this was the case. However, the increase in aNa is important. It shows that Na+ also is a player (albeit minor) in the K+/Mg2+ exchange equilibrium and provides an explanation for why raising Na+ to abnormally high cellular levels stimulates translation and generates the Rieu vs. aNa response function (Fig. 2 Inset) .
Isotherm data suggest that the oocyte contains exchange sites occupied chiefly by K+ and Mg2+ (Figs. 3 and 5 ).
Dose-response data show that translation rates in dormant oocytes are much below peak levels, but are stimulated (and then inhibited) by increasing free K+ (Fig. 2) . However, this response is greater than would be predicted from the behavior of cell-free systems. Synthesis is also stimulated (and then inhibited) by increasing Mg2+, and the response to Mg2+ is more intense than that to K+. We therefore hypothesize that increasing K+ causes Mg2+ to dissociate from intracellular sites for which the two compete, thereby increasing Mg2+ activity and stimulating (and then inhibiting) translation.
Effect of EDTA. Ifthe hypothesis is correct, K+ stimulation depends upon the cation's ability to increase free Mg2 .
Hence, microinjecting oocytes with the Mg2+-chelating agent EDTA should prevent K+ from stimulating protein synthesis. We found this to be the case. Fig. 6A Furthermore, because the Mg2' response in the oocyte closely resembles that observed in cell-free systems (Fig. 4 Inset), we suggest that Mg2+ is itself the intracellular effector controlling translation rates. This hypothesis and its implications have been strongly argued by Rubin and coworkers (31, 32, 34, 35) . To test whether Mg2+ is also responsible for the gonadotropin-induced increase in protein synthesis, we examined the effect of injecting EDTA on the hormone's action. Fig. 6B shows that, starting at '=0.01 mM, EDTA inhibited the hormone-stimulated increase in Rieu. Inhibition was 50% complete when EDTA was -=0.14 mM, and RimU was reduced to the dormant cell level when it reached -=1.4 mM. Interestingly, about 3 times more EDTA was required to inhibit the hormone-induced Rieu increase than that induced by K+ salt injection. We believe the reason is that gonadotropin stimulation was done in OR2a, a medium from which Mg2+ can enter the oocyte, whereas K+ stimulation was done in paraffin oil, a medium from which Mg2+ cannot enter the oocyte. In OR2a an increase in oocyte "demand" for Mg2+ can be satisfied by its influx; this is not the case in paraffin oil.
The Mg2+ activity of the dormant oocyte ('=0.3 mM) is '-80 times less than that expected at electrochemical equilibrium, assuming a membrane potential of -60 mV. Therefore the oocyte, like other cells (41) , possesses a transport system that actively extrudes Mg2+. Since gonadotropin activation is followed by long-term growth and a continuous high rate of protein synthesis, translational control by Mg2" implies that the activational increase in amg must be maintained during postactivational growth. In other words, the original amg increase, brought about largely through the K+-driven dissociation of Mg2" from endogeneous anions, is likely also to be accompanied by a down-regulation of Mg2" active transport. This down-regulation, we suggest, is the demand referred to above. How gonadotropin acts to bring it about remains to be determined.
